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TiO2Abstract TiO2 thin ﬁlms were fabricated with optimization of the synthesis parameters for efﬁcient
photocatalysis. The ﬁlms were sculptured from gels obtained from Ti(OiPr)4 and Ti(OBu
s)4 via spin
coating at different rotation speed ranging from 1000 rpm to 3000 rpm. Thicknesses of the ﬁlms
were in the range of 112–160 nm. The X-ray diffractograms showed a phase transformation from
anatase to rutile along with an increase in average crystallite size from 11 nm to 18 nm with a
decrease in thickness of the ﬁlms. Refractive index (n) values of the ﬁlms were in the range of
2.50–3.45 while extinction coefﬁcient (k) values ranged from 0.090 to 0.860. These ﬁlms were trans-
parent with high transmittance (T 6 95%) in the visible region. The optical band gaps for ﬁlms were
calculated to be in the range of 3.00–3.95 eV. Photocatalytic degradations of methylene blue by the
fabricated TiO2 thin ﬁlms have also been investigated.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Metal oxides (ZnO, CeO2, TiO2, SnO2 and Fe2O3) have been a
subject of extensive study in recent years, especially for their
contributions as catalysts in environmental remediation
through photo-induced degradations of water pollutants[1–5]. Among all the metal oxide catalysts, TiO2 is of particular
importance owing to its unique properties, such as exceptional
chemical stability, chemical inertness, large band gap, high
refractive index, bio-compatibility and non toxicity, etc. [6].
Underground water puriﬁcation plants based on TiO2 cat-
alyzed photo-degradation reactions are already in work in
many countries to decompose environmental pollutants [7–11].
TiO2, when employed as thin ﬁlm on a substrate reduces the
disadvantages of heterogeneous photocatalysis such as stirring
which is required during the reaction to discourage agglomer-
ation of the particles and separation of particles after reaction
[12–15]. Kato et al. showed that factors such as the morphol-
ogy and crystal structure of TiO2 coatings, affect the photocat-
alytic activity for aqueous acetic acid degradation [16,17].
Therefore, in order to exploit the structure property relation-
ship of titania ﬁlms for enhanced catalytic activity, controlled
Table 1 Details of samples.
Precursor Coating method
(rpm)
Calcination
temperature (C)
Sample
I.D.
Ti(OiPr)4 Spin
coating
1000 400 1a
500 1d
2000 400 1b
500 1e
3000 400 1c
500 1f
Ti(OBus)4 Spin
coating
1000 400 2a
500 2d
2000 400 2b
500 2e
3000 400 2c
500 2f
558 Mohd. Danish et al.hydrolysis of the precursor is the most important factor.
Generally, rate of hydrolysis of titanium alkoxides is con-
trolled by increasing the steric resistance of alkoxy groups to
slow their substitution by hydroxyl groups. This can be
achieved via increasing the alkyl chain length of the alkoxy
group or through introduction of secondary or tertiary alkyl
group in the alkoxy chain [18]. On account of controlled rate
of hydrolysis, a homogenous gel is obtained with lesser extent
of cross-linking.
Several papers have been published on the preparation of
titania ﬁlms via the sol–gel method [19–22]. The sol–gel tech-
nique is a very cost effective and simple technique suitable for
large area scaling. Films with minimal thickness are generally
desired because not only are they more economical to fabricate
but also they can often lead to improved performance. For
example, Choi et al. reported that the depth ofUV light penetra-
tion into TiO2 ﬁlms is approximately 0.3 lm, and the use of
thinner ﬁlms will result in higher photocatalytic efﬁciency [23].
Generally, the anatase form which has large optical band gap
energy of 3.2 eV is used for photocatalysis [24]. Although,
effects of thicknesses and calcination temperatures on TiO2 thin
ﬁlms with regard to photocatalytic degradation of the dye are
earlier reported [3,6,24–26], to the best of our knowledge there
is no report on the simultaneous optimization and comparative
evaluation of photocatalytic and optical properties of titania
thin ﬁlms. Therefore, the aim of the present study is to evaluate
the effect on optical properties and photocatalytic efﬁciencies of
TiO2 thin ﬁlms sculptured by tuning the parameters like precur-
sor, thickness and calcination temperature.
2. Materials and methods
TiCl4, 2-propanol and 2-butanol were distilled prior to use.
Titanium isopropoxide and titanium secondary butoxide were
prepared from TiCl4, 2-propanol and 2-butanol by the ammo-
nia method [27]. Triton X 100 (mol.wt: 635) was purchased
from Sigma Aldrich.
2.1. Preparation TiO2 thin ﬁlms using titanium alkoxides as
precursors
Titania thin ﬁlms were prepared by the sol–gel method using
titanium isopropoxide [Ti(OiPr)4] and titanium secondary
butoxide [Ti(OBus)4] as precursors. The precursor alkoxide
(0.005 mol) was dissolved in 2-propanol or 2-butanol (4 ml).
Deionized water (0.05 mol) was added to both the solutions
and stirred vigorously for 12 h for complete hydrolysis. To
the obtained suspension, triton X 100 (0.3 ml) was added as
a template. The resultant thick gel was spin casted onto ITO
doped glass substrate at 1000 rpm, 2000 rpm and 3000 rpm
for 60 s. The ﬁlms were fabricated in two sets from each pre-
cursor and were dried at 80 C for 12 h and then one set of
each was calcined at a rate of 10 C/min up to 400 C and
the other set up to 500 C followed by calcination at same tem-
peratures for 5 h. The details of the prepared samples are given
in Table 1.
2.2. Characterization
The crystal structures of the TiO2 ﬁlms were determined by X-
ray diffractometer (Rigkau Smart lab, Japan) with Cu Karadiation (40 kV, 30 mA) in steps of 0.01 at a scanning rate
of 7/min from 20 to 70 under the atmospheric pressure.
The optical constants and thicknesses of the ﬁlms were charac-
terized using Variable Angle Spectroscopic Ellipsometer
(VASE) (J.A. Woollam Co., Inc) at wavelengths ranging from
300 nm to 800 nm at an angle of 70. Absorbance, transmit-
tance was recorded using UV–vis spectrophotometer
(Shimadzu) along a range of wavelengths from 200 nm to
800 nm.
2.3. Photocatalytic reaction
The photocatalytic activity of the TiO2 ﬁlms was examined for
the degradation of methylene blue over a period of 320 min.
The ﬁlm was immersed in 50 ml of methylene blue solution
(8 mg/L). Before irradiation, the solution was kept in the dark
for 30 min to ensure adsorption equilibrium between the dye
and the photocatalyst [23]. The reactor was a laboratory-
built system comprising of a 300-W high-pressure mercury
UV tube emitting UV radiation with a peak wavelength of
365 nm. When different TiO2 ﬁlms were tested for the photo-
degradation of methylene blue, the distance between the light
source and ﬁlm was kept constant to achieve a constant light
intensity on the ﬁlm surface. The photo-degradation was mon-
itored by measuring the absorbance of the solution.
3. Results and discussion
TiO2 crystallizes in three well known phases: Anatase, Rutile
and Brookite. The unit cell of anatase and rutile is tetragonal
whereas brookite has orthorhombic unit cell. Rutile is the only
stable phase while anatase and brookite are metastable at all
temperatures and can be converted to rutile on heating at
higher temperatures [28]. Fig. 1 illustrates the X-ray diffraction
peaks obtained for the fabricated TiO2 thin ﬁlms. The pattern
of ﬁlm 1a gives characteristic peaks of anatase phase with
prominent peak at 25.35 and less intensity peaks at 37.79
and 47.97 while 1c, 1d, 1e and 1f exhibit the characteristic
peaks of both anatase and rutile phases at (2h): 25.35, 26.52,
33.73, 37.79, 47.97, 51.58, 54.61, 61.51 and 65.72 (PDF card
75–1755, JCPDS).
A noticeable difference was observed in patterns of ﬁlms 1a
and 1d wherein the former conﬁrms the growth of the anatase
Figure 1 XRD patterns of TiO2 thin ﬁlms prepared from Ti(O
iPr)4 and Ti(OBu
s)4.
Table 2 Crystallite size and crystal phase content of TiO2
ﬁlms.
S. no. Samples Crystallite size
(nm)
Crystal phase content (%)
1. 1a 11.3 A: 6100
2. 1b 15.3 A: 52.1, R: 47.9
3. 1c 17.1 A: 70.6, R: 29.4
4. 1d 13.8 A: 70.6, R: 29.4
5. 1e 15.7 A: 72.9, R: 27.1
6. 1f 17.6 A: 57.5, R: 42.5
7. 2a 13.4 A: 6100
8. 2b 13.7 A: 6100
9. 2c 14.7 A: 6100
10. 2d 15.2 A: 61.8, R: 38.2
11. 2e 15.9 A: 53.4, R: 53.4
12. 2f 17.6 A: 47.5, R: 52.5
A = Anatase phase; R = Rutile phase.
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rutile phases of TiO2. Similarly, the patterns of ﬁlms 2a, 2b
and 2c exhibit the complete anatase phase. On the other hand
2d, 2e and 2f contain characteristic peaks of both anatase and
rutile phases of TiO2 crystallites. The difference in crystal
structures of ﬁlms may be attributed to the increased steric hin-
drance offered to the substitution of alkoxy groups in
Ti(OBus)4 precursor. As a consequence, more stable rutile
peaks appeared for TiO2 crystallites on ﬁlms fabricated from
the gel of titanium secondary butoxide as compared to the
crystallites on ﬁlms sculptured from the gel obtained from
Ti(OiPr)4. Also variation in thickness and effect of calcination
temperature on crystallinity and average crystallite size can be
clearly observed from diffractograms. It was found that crys-
tallinity and average crystallite size increases with the decrease
in thickness of the ﬁlms.
Notably, several samples were found to be composed of
both the phases therefore, it would be rather informative to
know the contribution of the two phases i.e. the weight frac-
tion of anatase (WA) and weight fraction of rutile (WR) phase.
The ratio of the observed intensity of strongest anatase reﬂec-
tion to the intensity of strongest rutile reﬂection provides use-
ful index of composition. Therefore, percentage weight
fraction of the anatase phase (Table 2) was calculated by using
equation derived by Spurr and Mayers.
WA ¼ ½1þ 1:26ðIR=IAÞ1 ð1Þ
where WA represents weight fraction of anatase phase in mix-
ture, IR, IA characteristic integrated peak intensities of rutile
and anatase phase respectively [29].
The crystallite size was calculated by Debye Scherrer equa-
tion (Table 2) and was found to increase from 5.7 nm (1a) to
17.6 nm (2f). It is clearly observed from the diffractogramsof the ﬁlms that the composition and crystallite size depend
upon the calcination temperature and thickness of the ﬁlms.
The effect of calcination temperatures on crystallinity and
average crystallite size can be explained on the basis of more
pronounced calcination of particles incase of thin ﬁlms (as they
contain less amount of particles) with large surface area as
compared to thick ﬁlms resulting in an increase in crystallinity
and size of TiO2 crystallites.
Ellipsometry was used for the simultaneous analyses of
thicknesses, refractive indices (n) and extinction coefﬁcients
(k) of all samples. All measurements were done with the angle
of incidence at 70 in the wavelength range of 300–800 nm. The
Figure 2 Refractive indices of TiO2 thin ﬁlms prepared from
Ti(OiPr)4 and Ti(OBu
s)4.
Figure 3 Plot of (ahm)1/2 versus photon energy (E) for TiO2 thin
ﬁlms prepared from Ti(OiPr)4.
560 Mohd. Danish et al.choice of the angle is justiﬁed by minimum noise level. The
method of determination of physical parameters was based
on the choice of best model that enabled good ﬁtting results
of theoretical curves of cos (D) and tan (W) to experimental
ones as a function of the wavelength (i.e. Tauc–Lourentz oscil-
lator model) [30]. The obtained values of thickness and optical
constants of samples are listed in Table 3.
Fig. 2 gives the refractive indices (n) of samples. It was
observed that n increases from 2.70 to 3.20 with an increase
in crystallinity of the nanoparticles (1a to 1f). This is attributed
to high packing densities as a consequence of increased aver-
age crystallite size of TiO2 nanocrystallites. The observation
was supported by XRD pattern.
Similar trends were observed in ﬁlms prepared from tita-
nium secondary butoxide with n values increasing from 2.49
to 3.45 (2a–2f). Moreover, it was also observed that the values
of n increases with an increase in calcination temperature. The
extinction coefﬁcients (k) for all the samples are given in
Table 3. The observations can be explained on the basis of
the fact that n increases as a function of crystallite size of
TiO2. However, factors like strength of steric hindrance
offered to hydrolysis of precursor, thickness of the ﬁlm and
calcination temperature determine the nature of the crystallites
and its size. Therefore, taking into account all the above fac-
tors, the obtained values of n and k for all samples can be
justiﬁed.
The transmittance spectra of the ﬁlms were recorded in the
UV–vis region. It was found that all the ﬁlms were highly
transparent in the visible region having greater than 90%
transmission. Inset of Fig. 3 illustrates the spectral variation
of samples 1a–1f. For all the ﬁlms, there is a sharp rise in trans-
mittance up to 98% in the UV region followed by decreases to
95% and it remains constant in the visible region.
Similarly, inset of Fig. 4 shows the transmittance of ﬁlms
2a–2f in which all the ﬁlms exhibit a sharp rise up to 90% in
UV region and remained constant in the visible region. The
difference in observed transmittance of ﬁlms may be ascribed
to disparity in surface morphologies, crystallite size and exis-
tence of surface defects causing a decrease in transmittance
due to scattering of light. Moreover, red shift in the transmis-
sion edge was observed with decreasing thickness of the ﬁlms
and increasing calcination temperature. This phenomenonTable 3 Thickness, refractive indices and extinction coefﬁ-
cients of TiO2 thin ﬁlms.
S.
no.
Sample Thickness
(nm)
Refractive index
(n) at 550 nm
Extinction
coeﬃcient (k) at
550 nm
1. 1a 160.3 2.70 0.086
2. 1b 132.5 2.88 0.111
3. 1c 112.7 3.15 0.090
4. 1d 161.6 2.51 0.090
5. 1e 137.9 3.00 0.114
6. 1f 115.3 3.20 0.096
7. 2a 163.5 2.49 0.009
8. 2b 135.1 2.77 0.054
9. 2c 112.6 3.10 0.242
10 2d 161.2 2.67 0.370
11. 2e 136.6 3.33 0.036
12. 2f 112.8 3.45 0.860may again be attributed to an increase in crystallite size and
higher packing density of the niobia nanocrystallites on ﬁlms.
The divergence in transmission edge wavelengths in all the
ﬁlms clearly indicates difference in the band gaps of TiO2
nanoparticles present on them. Quantitatively, the band gap
energy (Eg) was processed from the Tauc equation correspond-
ing to indirect gap semiconductors:
ðahmÞ ¼ Aðhm EgÞr ð2Þ
where a is the absorption coefﬁcient, hm is the photon energy,
Eg is the optical band gap, A is a constant which does not
depend on photon energy and r has four numeric values (1/2
for allowed direct, 2 for allowed indirect, 3 for forbidden direct
and 3/2 for forbidden indirect optical transitions). Therefore,
(ahm)1/2 versus photon energy (Eg) plots gave an estimate of
the band gap energy of TiO2 thin ﬁlms. Figs. 3 and 4 show
the band gap energy of ﬁlms 1a–1f and 2a–2f, respectively. It
was observed that the energy decreased from 3.65 eV for 1a
Figure 4 Plots of (ahm)1/2 versus photon energy (E) for TiO2 thin
ﬁlms prepared from Ti(OBus)4.
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2f with a decrease in band gap energy from 3.97 eV to 3.65 eV.
The decrease in optical band gap of TiO2 thin ﬁlms might be
the result of the change in ﬁlm density and increased crystallite
size as large crystals have lower band gap which is caused by
the quantum size effects. The fall in Eg can also be related to
the increase in the weight percent of the rutile phase of titania
on the ﬁlm as a function of thickness and calcination temper-
ature because the rutile phase has a lower band gap.
The photocatalytic efﬁciency of the fabricated thin ﬁlms
was evaluated over the degradation of methylene blue. Fig. 5
shows the comparative percent degradation of the dye by thin
ﬁlms 1a–1f and 2a–2f. It can be seen that 1a showed best activ-
ity (95%) under UV light exposure while 1f and 2f thin ﬁlms
respectively degraded only 75% and 73% of the methylene
blue. The reason for the difference in % degradation is the dif-
ference in band gap values, particle sizes and phases of the
TiO2 nanoparticles. The mechanism of photodegradation of
methylene blue under UV irradiation using TiO2 ﬁlms has beenFigure 5 Photo-degradation of methylene blue over TiO2 thin
ﬁlms prepared from Ti(OiPr)4 and Ti(OBu
s)4.explained by Khan et al. [3,6]. Accordingly, it was found that
the photogenerated electron reacts with dissolved oxygen in
water to produce superoxide radical anions, while the holes
created by excitation of electrons in valance bands have high
oxidation potential, which allows the formation of reactive
hydroxyl radicals. These reactive radicals and photogenerated
holes are strong and non-selective oxidants that lead to the
degradation of MB at the surface of TiO2 nanoparticles on
ﬁlms.
It is well known that TiO2 in the anatase phase is a better
photocatalyst than in the rutile phase. The smaller the particle
size the greater is the surface area for the degradation which is
evident from the results. Thus, the observed percent pho-
todegradation of MB clearly exhibits that photocatalytic efﬁ-
ciency of ﬁlms strongly depends on thickness and crystallite
size of the titanium dioxide. It was found that as thickness
of ﬁlm decreases the effect of calcination on the ﬁlms increases
leading to an increase in the crystallinity and crystallite size of
TiO2 crystallites and as a consequence the photocatalytic efﬁ-
ciency decreases.4. Conclusion
TiO2 thin ﬁlms were fabricated to optimize the parameters for
good quality thin ﬁlms for photo-degradation of dye. It was
found that 1a showed 95% degradation of methylene blue
under UV irradiation followed by 2c, 1c, 1d, 2a, 2b and 2d with
92–88% degradation while 1f and 2f degraded only 75% and
73% of the methylene blue. Transformation of phase from
anatase to rutile and increase in average crystallite size from
11.3 nm to 17.6 nm for ﬁlms 1a–2f were observed as a function
of thickness (160.3 nm for 1a to 112.8 for 2f) and calcination
temperature. Refractive indices for samples were found to be
in the range of 2.49–3.45 with lowest extinction coefﬁcient val-
ues. All the ﬁlms were highly transparent with transmittance
up to 85% in the visible region. The indirect band gap energy
for all samples was found to be in the range of 3.00–3.97 eV.
Moreover, Eg for samples showing good photocatalytic activ-
ity were observed to be in the range of 3.25–3.65 eV.
Therefore, on the account of above studies it can be inferred
that these ﬁlms are potential candidates for applications in
waste water treatment plants, anti reﬂective coatings and other
photo-induced catalytic reactions.Acknowledgments
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